Abstract. Macrophage inhibitory cytokine-1 (MIC-1), also known as prostate-derived factor (PDF), is a molecule of the TGF-β superfamily and has been associated with the progression of various types of diseases including prostate cancer. Initially identified from activated macrophages, the MIC-1 gene may provide a potential link between inflammation and prostate cancer. In this context, we performed MIC-1 expression analysis using mouse prostate tissues to determine whether there was any correlation with age and inflammation. Reverse transcription PCR analysis on RNA samples isolated from prostate lobes from prostate-specific antigen transgenic mice of varying ages revealed that MIC-1 gene expression is extremely low to non-detectable in the prostate tissues obtained from young mice, while its expression increases in the prostate tissues harvested from elderly mice. Increased MIC-1 gene expression in the mouse prostate was found to be associated with an increased level of infiltrating lymphocytes. To confirm this observation, we showed that inflammation-associated cytokines (IL-1β and TNF-α) significantly upregulate the secretion of the MIC-1 protein in a human prostate cancer cell line (LNCaP cells), while cytokines IL-6 and granulocyte macrophage colony-stimulating factor were less effective. Taken together, these data indicated that inflammation-associated cytokines may play a critical role in the functional regulation of the MIC-1 gene in the early stages of prostate cancer development. More studies are required to understand the biological activity of MIC-1 gene regulation in the development and progression of prostate cancer.
Introduction
Prostate cancer is the most common type of cancer in men in Western countries, accounting for one-third of all male cancer diagnoses and 11% of all mortalities due to cancer (1) . Epidemiological and screening studies performed over the past several decades have raised important questions regarding the pathogenesis of prostate cancer, but a definitive cause for this disease has not been established. Although family history and ethnicity are critical risk factors, the diagnosis of prostate cancer is primarily associated with increasing age (2, 3) . Several epidemiological studies support the association between inflammation and prostate cancer risk (4, 5) .
Previous studies have suggested that inflammation may be important in the pathogenesis of prostate cancer by altering the tumor environment (6, 7) . The production of cyclooxygenase (COX) enzymes due to inflammation caused by precancerous tissues provides significant evidence of the role played by inflammation in the development of cancer (8) . The inflammatory process is driven by the interactions between various types of cells, proteins and cytokines within the tumor environment (4, 7) . Various inflammatory cytokines are important mediators of inflammation and are produced by activated macrophages and other immune cells. One of these cytokines, macrophage inhibitory cytokine-1 (MIC-1) was first isolated based on an increased mRNA expression in activated macrophages (9) . MIC-1, also known as growth differentiation factor-15 (GDF-15) or prostate-derived factor (PDF), is a member of the TGF-β superfamily and its increased expression has been associated with a variety of cells including breast, gastric and colorectal cancer cells (10, 11) . However, MIC-1 is significant due to its increased association with high-grade prostate tumors. Protein profiling on micro-dissected samples of matched normal prostate tissue, high-grade prostatic intraepithelial neoplasia (hPIN) and prostate cancer revealed MIC-1 expression in hPIN and cancer cells but not in normal cells, suggesting a potential role of MIC-1 in the pathogenesis of prostate cancer (12, 13) . Elevated serum MIC-1 levels are associated with a number of disease conditions including chronic inflammatory pathways, and as a predictor of miscarriage in pregnant women (14) (15) (16) . Specifically in the prostate, increasing serum MIC-1 levels are associated with the progression of metastatic prostate cancer (13, (17) (18) (19) . Despite its association with multiple disease conditions, the basic concept of MIC-1 gene regulation in prostate cancer development and progression remains largely unknown. To understand the functional regulation of MIC-1, we previously proposed that the MIC-1 gene provides a potential link between inflammation and prostate cancer (20) . In this study, using prostate cancer as a model, we studied the impact of inflammation-associated cytokines on MIC-1 expression.
Materials and methods
Mouse prostate tissue collection and tumor cell lines. Prostate tissue samples from different age groups of male prostatespecific antigen transgenic (PSA-Tg) mice were harvested. These tissue samples were fixed in formalin and/or RNAlater (Ambion, Austin, TX, USA), and stored at -80˚C. The PSA-Tg mice were a gift from Dr David Lubaroff at the University of Iowa, USA. Prior to prostate tissue harvesting, mice were sacrificed in accordance with guidelines and regulations approved by the Institutional Animal Care and Use Committee. A human prostate cancer cell line (LNCaP cells) was purchased from ATCC (Maryland, MD, USA). The LNCaP cell line was maintained in regular culture medium RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 1% glutamine, 1% sodium pyruvate (Invitrogen, Carlsbad, CA, USA) and 0.05 mg/ml of gentamicin (Mediatech, Manassas, VA, USA).
Histopathology. Tissue blocks containing the most representative and well-preserved tissue areas were selected for histopathology. Sections (5 µm) were cut and stained for hematoxylin and eosin (H&E) by the core facility at the University of Kansas Medical Center. The H&E-stained slides from at least three mice per age group were analyzed by the pathologist. Histopathological evaluation included the examination of glandular architecture, nuclear and cellular degenerative changes and the intensity of inflammation along with the presence or absence of premalignant and malignant changes.
RNA isolation and reverse transcription PCR (RT-PCR).
Total RNA was extracted from the prostate tissue samples recovered from the RNAlater as well as LNCaP cells using a Qiagen kit as per the manufacturer's instructions. Quantization of RNA was analyzed using a spectrophotometer. Total RNA (~2 µg) from the tissue samples and the LNCaP cells was reversetranscribed (RT) using Superscript II (Invitrogen). RT samples were subjected to PCR amplification in a total volume of 50 µl containing a mixture of PCR buffer, MgCl 2 , dNTPs, each set of primers, and Taq DNA polymerase as per standard protocol (Invitrogen). Oligonucleotide primers for the MIC-1 gene were synthesized from the previously published sequences (Accession number AF019770 for the human sequence and NM_011819 for the mouse sequence). GAPDH primers were designed to amplify the product with both mouse and human compatibility. The reaction mixture was denatured at 94˚C for 2 min followed by 30 cycles at 94˚C for 30 sec, 57˚C for 45 sec, and 72˚C for 1 min with a final elongation at 72˚C for 10 min using an MJ Mini Thermal Cycler (Bio-Rad, Hercules, CA, USA). The amplified PCR products were resolved electrophoretically on an agarose gel stained with ethidium bromide to verify the size of the amplified product.
Western blot for MIC-1 protein analysis. LNCaP cells were plated in a six-well plate at a density of 2x10 5 cells per well under normal culture conditions. Two days later, the medium was replaced with fresh medium, and the cells were cultured for an additional day. Subsequently, the cells were washed with RPMI-1640 phenol red-free medium (without FBS) and starved for 4 h. The cells were then incubated overnight (~16 h) with RPMI-1640 phenol red-free medium (2 ml per well) containing various cytokines at a concentration of 100 ng/ml (PeproTech, Rocky Hill, NJ, USA). Following incubation, the culture supernatant was collected for quantification of MIC-1 secretion and cells were lysed using RIPA buffer from Sigma (St. Louis, MO, USA).
Approximately 20 µl of culture supernatant containing MIC-1 protein was resolved on a ReadyGel and was transferred onto a PVDF membrane (Bio-Rad). Following blocking with 3% non-fat dry milk in phosphate-buffered saline containing 0.1% Tween-20 (PBST) for 2 h at room temperature, the blots were incubated with anti-human MIC-1 primary antibody (1:500 dilution in PBST) overnight at 4˚C. Following repeated washing with PBST, the blots were incubated with corresponding secondary antibody rabbit polyclonal IgG (Abcam, Cambridge, MA, USA) in PBST with 3% milk for 2 h at room temperature. Following repeated washing with PBST, the blots were developed using western blotting luminol reagent (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and were exposed to BioMax Film (Kodak), which was developed to analyze the specific band size.
Results and Discussion
Prostate cancer is the second most common cause of mortality from cancer for men of all ages. However, it is rare in men aged younger than 40 years. Its incidence is known to increase with age with higher percentages of men developing prostate cancer as they become older. Studies (4, 5) have suggested that prostate cancer associated with increasing age is also associated with increased susceptibility of the prostate tissue to injury as well as increased predisposition to infections and other insults leading to an increase in inflammatory response. Therefore, to examine the role of MIC-1 in association with inflammation, we analyzed the expression of MIC-1 gene in prostate tissue collected from mice of different age groups. For this purpose, we selected the PSA-Tg mouse based on the following criteria: i) that PSA production is confined to the prostate through the use of the probasin promoter, thus simulating the same conditions described in studies on the human prostate; and ii) to investigate the biological process of MIC-1 gene regulation in the presence of self-antigen.
MIC-1 association with increasing age in the mouse prostate.
Different prostate lobes (ventral, dorsolateral and anterior prostate lobes) from the naïve PSA-Tg mice of different age groups were harvested to prepare total RNA, and were subjected to RT-PCR using primer sets for MIC-1 gene expression. The anticipated PCR product of 238 bp was resolved by agarose gel electrophoresis (Fig. 1) . In agreement with published human studies (13, 26, 27) , MIC-1 gene expression was extremely low to non-detectable in the normal (healthy) prostate lobes of young (4 weeks) and middle-aged (13 months) mice (samples 3-8). However, higher MIC-1 levels were detectable in the prostate tissues of adult mice aged 15 months as well as those of 24-month-old elderly mice (samples 9-14).
Degree of inflammation (infiltrating cells) in the prostates
of PSA-Tg mice. Prostate tissue samples from different age groups of PSA-Tg mice were further analyzed for the intensity of inflammation (analyzed by quantifying infiltrating cells in the tissue). Analysis of H&E-stained slides showed that there was no infiltration of inflammatory cells in the prostate tissue samples harvested from the youngest mice ( Fig. 2A) . However, we found an increase in the intensity of inflammation in the samples harvested from 15-month-old mice (Fig. 2B) . Furthermore, we noted a significant difference in the glandular architecture between samples from the different age groups. The prostates of the younger animals were healthy with normal-appearing glands that were organized in an orderly manner with no evidence of inflammation ( Fig. 2A) . By contrast, progressive degenerative glandular changes as well as an increase in inflammation were observed in the older mice, with the worst changes being detected in the oldest mice. Degeneration of epithelial lining and intraluminal sloughing of epithelial cells was extremely high along with a significant depletion of the prostatic secretion in the prostates of elderly PSA-Tg mice (Fig. 2C) . Overall, the prostate tissue from 24-month-old elderly mice was severely damaged, possibly due to chronic inflammation; however, the examined slides did not reveal any sign of neoplasm. Thus, the presence of inflammation corresponds with the mRNA expression of the MIC-1 gene in the prostate tissues harvested from the PSA-Tg mice, confirming the hypothesis that an increase in the expression level of MIC-1 with increasing age may be due to inflammatory response. It has been reported that inflammation and aging influence the expression level of MIC-1 in correlation with infiltration of macrophages in the rat prostate (21) .
Modulation of MIC-1 expression in a human prostate cancer cell line.
To determine the possibility that MIC-1 gene expression may be regulated in response to inflammation at the early stage of cancer development, an androgen-responsive human prostate cancer cell line (LNCaP) was treated with various cytokines. Cytokine interleukin (IL)-1β, IL-6, tumor necrosis factor-α (TNF-α), and granulocyte macrophage colony-stimulating factor (GM-CSF) differentially regulate the expression of MIC-1 in LNCaP cells at the mRNA (Fig. 3A) and protein (Fig. 3B ) levels. The selection of these cytokines was based on their association with inflammation. RT-PCR and western blot analysis showed consistency in the MIC-1 expression level following cytokine treatment. Western blot analysis revealed that two bands of approximately 40 and 15 kDa correspond to pro-MIC-1 and mature MIC-1 protein (Fig. 3B) . These predicted sizes of pro-MIC-1 and MIC-1 are consistent with previous studies (9, (22) (23) (24) . Notably, our studies revealed that IL-1β induction increased the expression of MIC-1 to the maximum level while the effect of GM-CSF was minimal in the LNCaP cell line. These results are supported by the observations that IL-1β is primarily secreted by macrophages which are crucial in regulating the inflammatory network in the host tissue. In macrophages, cytokines such as IL-1β and TNF-α induce the expression of MIC-1 (9). Such inflammation-induced MIC-1 production may function as an autocrine-paracrine regulator of MIC-1 in the host tissue, facilitating the process of enhanced cell proliferation (9, 25) .
Most studies report on an increased expression of the MIC-1 gene in cancer and non-detectable levels in normal tissue when comparing matched prostate cancer and normal prostate specimens. Gene expression analysis between the normal peripheral zone (PZ) and transition zone (TZ) of the specimens obtained from prostate cancer patients revealed preferential expression of MIC-1 in the PZ (predominant site of tumor occurrence) compared to the TZ (site of benign prostatic hyperplasia) (26) . The expression of MIC-1 is also reported in adult human prostate tissues with the existence of infiltrating lymphocytes in normal-appearing prostate tissues (27, 28 ). An induction in MIC-1 gene expression in kidney, lung and liver tissue due to injury following surgical, chemical or heat shock methods has also been observed (29, 30) .
In conclusion, this is the first study to show that the MIC-1 gene may be directly regulated by inflammation-associated cytokines in prostate cancer cells. Thus, activation of the MIC-1 gene may be an early response due to inflammation, infection or injury in the prostate for cell growth advantage leading to an environment favoring prostate cancer development. Since MIC-1 and macrophages are associated with inflammation, further studies are under way to investigate the mechanistic regulation of inflammation-induced MIC-1 gene in prostate cancer. 
